Abstract-Many techniques for calculating bit-error probabilities (BEPs) of direct-sequence spread-spectrum multiple-access systems (DS-SSMA) have been reported. Among them are the following three techniques: 1) the standard Gaussian approximation; 2) the improved Gaussian approximation; 3) and the simplified improved Gaussian approximation. We extend these techniques to derive the BEPs of multicode DS-SSMA systems. We assess the three techniques by comparing their results with the result of computer simulation.
I. INTRODUCTION

M
ANY techniques for calculating the bit-error probabilities (BEPs) of direct-sequence spread-spectrum multiple-access (DS-SSMA) systems have been proposed [1] - [6] . A simple standard Gaussian approximation (SGA), adopted due to its simplicity and applicability, is to use a signal-to-noise ratio (SNR) [1] . However, the SGA is inaccurate when the number of users is small and the number of chips per data bit is large [5] . Morrow and Lehnert [5] presented an improved Gaussian approximation (IGA) with good accuracy but of large computational complexity. This technique is very accurate, even for a small number of users. Holtzman [6] also proposed a simplified IGA (SIGA) technique which is much simpler than the IGA technique and is even more accurate than the SGA technique.
The multicode DS-SSMA system is a good candidate for multirate transmission in future wireless communications [7] , [8] . Liu et al. [8] and Fong et al. [9] utilized the SGA for the BEPs of multicode DS-SSMA systems. In this letter, we extend the above three approximation techniques in order to derive the BEPs of multicode DS-SSMA systems supporting multiclass services.
In [5] , calculation of the variance of multiple-access interference (MAI) could be simplified by the fact that the variance of the sum of zero-mean, independent random variables is the sum of their second moments. Although the zero-mean random variables are not independent but uncorrelated, the variance of the sum of those random variables is also the sum of their second Publisher Item Identifier S 0090-6778(01)00271-9. moments. We will utilize this fact to derive the BEPs of multicode DS-SSMA systems.
II. SYSTEM MODEL OF MULTICODE DS-SSMA SYSTEMS
In multicode DS-SSMA systems, a high-rate data stream is first split into several, fixed low-rate streams. The multiple data streams are spread by different short codes with the same chip rate and then are added together. Multiple short codes should be orthogonal over a data bit interval to remove inter-code interference. A random scrambling long code common to all the parallel short code channels for the high-rate data stream is applied after spreading.
The multicode DS-SSMA system model under consideration is shown in Fig. 1 [5] and is a periodic binary deterministic sequence satisfying when , where is the number of chips per data bit. Since is chosen independent on , has the same statistics as for some , , and . and are independent when or , but dependent when , and .
III. CALCULATION OF BIT-ERROR PROBABILITY
We follow the approach similar to that of [4] and [5] , but with modifications considering multicode transmission and multiclass services. Extending (2) of [5] (see also [6, eq. (2-2)]), we obtain the decision statistic for a coherent correlation receiver of the first code ( ) signal of the first ( ) class-call in the multicode DS-SSMA systems by (1) for , where is a Gaussian random variable with mean 0 and variance , and is defined as [5] (2) for some and is specified by , where for some and , and for some and [5] . 
A. SGA
Extending theSGA, we can approximate the BEP for a classcall by where . Utilizing from [5] , we obtain where is the data bit energy of a class-call.
B. IGA
Extending the IGA, we can approximate the bit probability error for a class-call by (3) where is the probability density function of . We obtain for for where .
Here is given by , where and , [5] . To obtain , we need convolutions.
C. SIGA
Extending the SIGA, we can again approximate (3) by where and
IV. NUMERICAL EXAMPLE AND COMPUTER SIMULATION
We consider two service classes: voice (class-1) and low resolution video (class-2). A voice call uses a single code and a video call requires 4 codes: and . In general, a video call requires lower BEP (more power) than a voice call. Thus we assume the received power of a code for a video call is two times larger than that of a code for a voice call:
. We can utilize (1) in order to obtain the BEP estimation by computer simulation, since that equation represents the exact system with no approximation. We adopt the "large-sample confidence interval" formula [10] with to depict the computer simulation results.
The BEPs of multicode DS-SSMA systems for are shown in Fig. 2(a) and (b) , and those for shown in Fig. 2(c) and (d) . The computer simulation result verifies that IGA and SIGA have good performance in the practical range of BEPs ( ), while SGA does not. However, we cannot clarify superiority between IGA and SIGA, because an intractably large number of experiments are required to compute BEPs in the range ( ) where the difference between IGA and SIGA becomes remarkable. BEP calculation in that range is of no use for practical applications.
V. CONCLUSIONS
We calculated the BEPs of multicode DS-SSMA systems, by extending the three approximation techniques. Assuming that the improved Gaussian approximation is accurate, the simplified improved Gaussian approximation is only slightly optimistic for BEPs greater than about . On the other hand, the standard Gaussian approximation is consistently optimistic, sometimes by more than an order of magnitude. This inaccuracy increases with increasing . As a result, systems designed using the SGA models could perform much worse than expected.
